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700

’1’ Providing a linear time encoder having an input, the input
702 | including a first adder, and an output

Providing at least a first cross-connection and a second
704 | cross-connection element, each having an input and an
output

Connecting the output of the linear time encoder to the
706 input of the first cross-connection element

Providing a non-linear time encoder having an input, the
708 | input including a first adder, and an output

Connecting the output of the first cross-connection
710 | element to a first input of the first adder of the non-linear
time encoder

Connecting the output of the non-linear time encoder to
712 | the input of the second cross-connection element

Connecting the output of the second cross-connection
714 | element to an input of the first adder of the linear time
encoder

Fig. 7
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PULSE DOMAIN LINEAR PROGRAMMING
CIRCUIT

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional

Patent Application Ser. No. 60/984,354 filed Oct. 31, 2007,
the disclosure of which 1s hereby incorporated herein by this
reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This mnvention was funded by a government under contract
number NO0O0173-06-C-4151 (DARPA/MTO BAA 05-35

“Analog-to-Information) from DARPA, Washington, D.C.

INCORPORATION BY REFERENC.

(Ll

References cited within this application, including patents,
published patent applications other publications, such as
listed below:

1. A. Lazar and L Toth, “Perfect Recovery and Sensitivity
Analysis of Time Encoded Bandlimited Signals,” IEEE
Trans. on Circuits and Systems-I, vol. 51, no. 10, pp. 2060-
2073, October 2004.

2. Y. Xia and J. Wang, “A Recurrent Neural Network for

Solving Nonlinear Convex Programs Subject to Linear
Constraints”, IEEFE Trans. on Neural Networks, vol. 16, no.
2, March 2005.

3. D. Donoho, “Compressed Sensing,” IEEE Transactions on
Information Theory, vol. 42, no. 4, pp. 1289-1306, April
2006,

are each hereby incorporated by reference in their entirety
along with the Provisional Application identified above.

BACKGROUND

1. Technical Field

This disclosure 1s generally related to circuits for linear
programming and 1n particular to pulse domain linear pro-
gramming circuits.

2. Description of Related Art

Typically, a circuit performing time encoding does not
process or solve a linear programming problem. Linear pro-
gramming 1s a well known mathematical technique for find-
ing an optimized answer to many practical problems 1n opera-
tions research and 1n many technological arts as well, such as
recovery of signals captured by compressed sensing.

Prior art circuits solve linear programming problems using,
conventional analog signals. Consequently, such prior art
circuit utilize analog amplifiers. The accuracy of such prior
art circuits 1s limited by the linearity of the analog amplifier,
commonly used 1n an mternal input.

FIG. 1 shows a prior art analog-input time encoder. See
also reference 1 identified above. This circuit has a single
analog mput u(t) and a single pulse output z(t). This circuit
encodes analog input signals u(t) into pulse signals z(t). I the
analog signal 1s bandlimited, the encoding can be practically
without loss of information. That 1s, the mput u(t) can be
recovered from the timing of the output signal z(t). A time
decoding machine can be used to recover the analog input u(t)
from the asynchronous pulse output z(t). Assuming i1deal
clements, practically no quantization error 1s itroduced by
this encoder. The circuit of FIG. 1 has an input analog linear
amplifier (gl), an integrator, a hysteresis quantizer, a feed-
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2

back element (g3), and an adder (+). This circuit 1s not used
for linear programming or other optimization problems.

FIG. 2 shows a prior art circuit to solve a linear program-
ming problem 1n an analog domain. See prior art reference 2
identified above. This circuit has n analog inputs and N analog
outputs. The circuit of FIG. 2 can solve problems of the type

AXZ =Y
Z.=0i=1, ... N

(Equation 1)
min( £(Z)) s.r.{

where A 15 a constraint matrix with n rows and N columns,
Y 1s an mput column vector of n analog numbers, Z 1s an
output column vector of N analog numbers, and 1 1s a linear
function of the output vector. All of the signals 1n the circuit of
FIG. 2 are conventional analog signals. The circuit of FIG. 2
1s shown 1n a vector symbolic form. The matrix multiplication
symbols represent arrays of variable-gain analog amplifiers,
such as analog multipliers, and adders. The accuracy of this
circuit 1s limited by the linearity of these variable-gain analog
amplifiers.

BRIEF DESCRIPTION OF THE INVENTION

Embodiments of the present disclosure provide a system
and method for making a pulse domain linear programming
circuit. The mnputs and the outputs to the pulse domain linear
programming circuit are time encoded pulse signals.

The circuit includes arrays of two types of cross-coupled
time encoding elements. The first type of elements includes
two 1ntegrators, adders, a hysteresis quantizer, and a 1-bit

self-feedback DAC.

i

T'he second type of elements includes a bias element, a
leaky integrator, adders, a fixed memory-less non-linearity, a
regular integrator, a hysteresis quantizer and a 1-bit seli-
teedback DAC. The cross-coupling signals between the two
types of elements are pulse time-encoded signals. All of the
cross-coupling weights are set via 1-bit DACs having variable
gains. The cross-coupling weights are used to set a constraint
equation of a pulse domain linear programming problem.

The present disclosure also includes a method of making a
circuit for linear programming in the pulse domain. The
method includes providing a linear time encoder having an
input, the input including a first adder, and an output, provid-
ing at least a {first cross-connection element and a second
cross-connection element, each having an mput and an out-
put, and connecting the output of the linear time encoder to
the mput of the first cross-connection element. The method
may further include providing a non-linear time encoder hav-
ing an input, the input including a first adder, and an output,
connecting the output of the first cross-connection element to
a first input of the first adder of the non-linear time encoder,
connecting the output of the non-linear time encoder to the
input of the second cross-connection element, and connecting
the output of the second cross-connection element to an input
of the first adder of the linear time encoder.

Other systems, methods, features, and advantages of the
present disclosure will be, or will become apparent, to a
person having ordinary skill in the art upon examination of
the following drawings and detailed description. It 1s intended
that all such additional systems, methods, features, and
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advantages included within this description, be within the
scope of the present disclosure, and be protected by the
accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of the disclosure can be better understood
with reference to the following drawings. Components 1n the
drawings are not necessarily to scale, emphasis instead being
placed upon clearly illustrating the principles of the present
disclosure. Moreover, in the drawing, like-referenced numer-
als designate corresponding parts throughout the several
VIEWS.

FI1G. 1 1llustrates a prior art analog-input time encoder.

FIG. 2 illustrates a prior art circuit to solve a linear pro-
gramming problem 1n an analog domain.

FIG. 3 shows a block diagram of a pulse domain linear
programming circuit of the present disclosure in vector form
and FIG. 3a depicts the non-linear time encoder thereof 1n
somewhat greater detail while FIG. 35 depicts the two dimen-
sional arrays of 1-bit DACs 1n detail.

FI1G. 4 1llustrates an input-output characteristic of an exem-
plary hysteresis quantizer.

FIG. 5 shows outputs of the pulse domain linear program-
ming circuit of the present disclosure during a transient simu-
lation.

FIGS. 6(a) and 6(b) 1llustrates a comparison of outputs of
the pulse domain linear programming circuit of the present

disclosure (see FIG. 6(a)) to 1deal outputs (see FIG. 6(b)).

FI1G. 7 1llustrates a flowchart of a method of the present
disclosure.

DETAILED DESCRIPTION

The present disclosure relates a system and method for
making a pulse domain linear programming circuit. Specifi-
cally, the pulse domain linear programming circuit can be
used for a real-time recovery of signals captured via com-
pressed sensing, in which a linear programming optimization
problem 1s solved in a pulse domain.

FIG. 3 shows a block diagram of a pulse domain linear
programming circuit 300 of the present disclosure, suitable
for solving the linear programming problem of Equation 1 1n
the pulse domain. The pulse domain linear programming
circuit 300 does not need analog variable-gain amplifiers used
in the prior art (FIG. 2). The pulse domain linear program-
ming circuit 300, for example, solves 1n the pulse domain the
following linear programming problem:

Minl|Zl, subject to 4 *2=Y,Z0.

That 1s, minimize | Z1, subject to the above constraint. |Z],
1s the norm-1 of the vector Z. |Zl, 1s defined as:

|Z1,=2i, the summation range being i=1 to .

As a person having an ordinary skill 1in the art will appre-
ciate, an arrow entering a block or a symbol indicates an input
and an arrow leaving a block or a symbol indicates an output.
Similarly, connections described below may be of any elec-
tromagnetic type, such as electrical, optical, radio-frequency,
and magnetic.

The circuit of FI1G. 3 1s shown 1n vector form. The input for
the circuit 300 1s a vector of signal of size n. The output 1s a
vector ol signals of size N. The number of outputs, N, 1s larger
than the number of 1nputs, n. Each signal line or arrow rep-
resents a signal bus. Each bus has size n or N as shown 1n FIG.
3. Each bus 1s implemented by a group of n or N wires. Each
block symbol, such as integrators, quantizers, 1-bit DACs,
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4

shown 1 FIG. 3 represents a parallel array of actual circuit
clements, such as array of integrators, array of quantizers,
array of 1-bit DACs, and so on. The pulse domain linear
programming circuit 300 includes n number of the linear time
encoders, nxN number of the first cross-connection elements
306, Nxn number of the second cross-connection elements
310, and N number of the non-linear time encoders 308.

The first component of circuit of FIG. 3 1s a time encoder
block 348. This block 348 1s also labeled as TE, and 1s located

at the left side of FIG. 3. This block 348 1s an array of n
individual time encoders. Block 348 1s optional and therefore
does not need to be a part of the pulse domain programming
circuit 300. This block 348 1s used, if needed, to convert
analog mput data’Y into the time encoded pulse domain'Y .
This block 348 1s not required 1n those applications in which
the mnput data 1s already 1n the time encoded pulse domain. I
the input data 356 1s 1n the analog domain then each of the n
individual time encoders 348 of the array of time encoders
may be implemented by a prior art time encoder such as the
prior art time encoder depicted by FIG. 1. This array of time
encoders 348 converts the analog imnput vector, Y, 1into a pulse
time encoded vector, Y ,. BothY and Y, are vectors of size n.

The vectorY , 1s ted into the input bus, of size n, of the pulse
domain programming circuit 300. This bus 1s connected into
an first adder 312 of a linear time encoder 304. The adder 312
1s actually composed of an array of n individual adders. Each
individual adder 312 of the array of adders 1n an array, of size
n, of linear time encoders 304 combines one individual ele-
ment of Y , with one individual feedback signal.

Each linear time encoder 304 of the array of linear time
encoders preferably includes a first integrator 314, a second
adder 316, a second integrator 318, a hysteresis quantizer 320
and a 1-bit DAC (g3) 322. Each of these elements are prefer-
ably implemented as an array of elements of size n in order to
form the array of linear time encoders 304.

Considering an individual instance of a linear time encoder
304, an output of the first adder 312 1s connected to an input
of the first integrator 314, an output of the first integrator 314
1s connected to a first input 316 A of the second adder 316. An
output of the second adder 316 1s connected to an input of the
second integrator 318, an output of the second integrator 318
1s connected to an input of the hysteresis quantizer 320, and an
output of the hysteresis quantizer 320 1s provides the output of
the linear time encoder 304. It should be noted that the hys-
teresis quantizer 320 1s merely an exemplary quantizer and
other types of quantizers may also be utilized.

Considering the linear time encoder 304 as an array of size
n, the outputs of the array of adders 312 are each connected to
an integrator 314 1n an array of n individual integrators 314.
The outputs of the array of integrators 314 are each connected
to a second adder 316 1n an array of n individual adders 316.
Other blocks at the top half of FIG. 3 are the second integrator
318 (implemented as array of n individual integrators 318), a
hysteresis quantizer 320 (formed by array of n individual
hysteresis quantizers 320) and a self-feedback elements g3
(preferably consisting of an array of n 1-bit DACs 322).

The pulse domain linear programming circuit 300 includes
an array of s1ze n of linear time encoders 304 having an input
and an output. A array of first cross-connection elements 306
and an array of second cross-connection elements 310, each
having inputs and outputs, couple the array of size n of linear
time encoders 304 to an array of size N of the of non-linear
time encoders 308 shown 1n the lower portion of FIG. 3 and
also shown by FIG. 3a.

Considering an 1individual 1nstance of the non-linear time
encoder 308, 1t has an input coupled to a first adder 326 and an
output, the output of an instance of the first cross-connection
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clement 306 being connected to a first input 326 A of the first
adder 326 of the non-linear time encoder 308 and the output
of the non-linear time encoder 308 being connected to the
input of the second cross-connection element 310. The output
ol an 1nstance the second cross-connection element 310 is
connected to a second mput 312B of the first adder 312 of the
linear time encoder 304. Each instance of non-linear time
encoder 308 includes the first adder 326 having a second 1nput
326B and an output, a second adder 328 having a {irst input
328A, asecond input 328B, a third input 328C, and an output,
a first integrator 332 having an input and an output, a non-
linear element 336 having an input and an output, a third
adder 338 having a first input 338A, a second input 338B, and
an output, a second integrator 340 having an input and an
output, a hysteresis quantizer 342 having an put and an
output, a first self-feedback element 334 having an input and
an output, a second seli-feedback element 346 having an
input and an output, a third self-feedback element 344 having
an mput and an output, and a bias element 330 having an
output. The output of the first adder 326 1s connected to a first
input 328 A of the second adder 328, the output of the second
adder 328 1s connected to the input of the first integrator 332,
the output of the first integrator 332 1s connected to the input
of the non-linear element 336, the output of the non-linear
clement 336 1s connected to the first input 338 A of the third
adder 338, the output of the third adder 338 1s connected to the
input of the second integrator 340, the output of the second
integrator 340 1s connected to the input of one of the hyster-
esis quantizer 342, the output of hysteresis quantizer 342 1s
connected to the output of the non-linear time encoder 308
giving wavetorm 352 as Z, or 360, the output of the bias
clement 330 1s connected to the second mput of 328B the
second adder 328, the output of the first integrator 332 1s
connected to the mput of the first self-feedback element 334,
the output of the first selt-feedback element 334 1s connected
to the third input 328C of the second adder 328, the output of
the hysteresis quantizer 342 1s connected to the inputs of the
second and third self-feedback elements 346 and 344, the
output of the second self-feedback element 346 1s connected
to the second mput 326B of the first adder 326 and the output
of the third self-feedback element 344 1s connected to the
second mput 338B of the third adder 338. Self-feedback
clements 334, 344 and 346 are each preferably implemented
by 1-bit DACs. The transier function of non-linear element
336 1s shown 1n FIG. 3. Regarding the transfer function of
non-linear element 336, when 1ts input 1s less or equal to zero
the nonlinear circuit 336 should provide an output equal to
zero. For mputs larger than zero the output should increase
(but not necessarily linearly) as the input 1s increased. The
transier function shown 1n FIG. 3 for non-linear element 336
has both a break point and a slope. To get a proper solution of
the equations, the breakpoint should be set to 0 and the slope
to a positive value. A typical value of the slope 1s 1.

In FIG. 3 each triangular drawing with a label g3 represents
an array of 1-bit DAC’s, with each individual DAC having
gain equal to g3, while each triangular drawing with a label I
(Identity) represents an array of 1-bit DAC’s, with each 1ndi-
vidual DAC having gain equal to one.

Considering the non-linear time encoder 308 as an array of
s1ze N, the outputs of the array of adders 326 are each con-
nected an input 328 A 1n an array of adders 328 whose outputs
are connected to to an integrator 314 1n an array of N 1ndi-
vidual integrators 314. The non-linear time encoder 308 has
several adders blocks 326, 328, 338 (each one is an array of N
individual adders), two integrators 332 and 340 (each formed
by an array of N integrators), anonlinear element 336 (formed
by an array of N nonlinear elements) a hysteresis quantizer
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342 (formed by an array of N individual hysteresis quantiz-
ers) and three self-feedback elements 334, 344 and 346 (each
one consisting of an array of N 1-bit DACs.) The first inte-
grator 332 and the seli-feedback element 334 from 1ts output
to 1ts 1put, 1s equivalent to just one leaky integrator block 333
(formed by an array of N individual leaky integrators), which
can be directly and efficiently implemented 1n VLSI. The bias

clement 330 1s used to provide a set of N constant values that
determine the function 1 to be minimized. The circuit of FIG.

3 can accept values from the bias block either 1n analog format
or 1n pulse time encoded format.

The function 1 1s a linear function as shown below

N (Equation 2)
fZ)=) bixZ
i=1

where the b, coellicients are the N outputs of the bias
clement 330.

The N non-linear time encoders 308 implement, in the
pulse domain, the dynamics of N coupled non-linear first
order differential equations. The n linear time encoders 304
implement, 1n the pulse domain, the dynamics of n coupled
linear first order differential equations.

In FIGS. 3 and 3a, the output Z, 360 of the pulse domain
linear programming circuit 300 1s optionally connected to an
input of an array of lowpass filters 354, with the array of the
lowpass filters 354 outputting an analog output 362.

Circuit 300 includes an array of size n of linear time encod-
ers 304, an array of first cross-connection elements 306, an
array of second cross-connection elements 310, an array of
s1ize N of non-linear time encoders 308, and optionally an
array of size n of time encoders 348, and an array of lowpass
filter 354 having an mput of size n.

It should be noted here that the waveforms 324, 350, and

352 represent time encoded pulses at respective locations
depicted 1n FIG. 3.

The pulse domain linear programming circuit 300 contains
first and second cross-connection elements 306 and 310,
labeled A and A” (transpose of matrix A). The first and second
cross-connection elements 306 and 310 contain an array of
Nxn individual 1-bit DACs. Each 1-bit DAC may be very
compact, including. for example, a simple switch that can be
implemented with as few as two transistors in VLSI and can
operate at high speed, and 1s intrinsically linear due to a
two-state operation. The gains of the Nxn individual 1-bit
DACs 310-11 through 310-nN (see FIG. 3b) are the values of
the Nxn entries of the matrix A of Equation 1. As such, A 1s
shown as 1n input to pulse domain linear programming circuit

300 at the bottom of FIG. 3.

In FIG. 3 each triangular symbol with label A or A? repre-
sents a two dimensional array of 1-bit DACs. The array con-
tains nxN individual DACs. Each individual 1-bit DAC of
cach array has a single voltage mput and a single current
output. The inputs, outputs, and the internal structure of the
complete arrays (see FIG. 3b) are as follows:

(a) For the case of the trnangular symbol 310 with label A
there are N 1nputs and n outputs. The array of individual 1-bit
DACs are typically arranged as a two dimensional structure
with N rows and n columns, with one individual one-bit DAC
310-11-310-nN 1n each location. Each one of the N put
wires (encoding N voltage signals) in, -1n,,fed the inputs of all
the mdividual DACs located in each one of the N rows of the
two dimensional array. Each one of the n output wires (encod-
ing n current signals) out, -out, 1s connected to the outputs of
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all the individual DACs located in each one of the n columns
of the two dimensional array. Note that the currents of all
individual DACs 1n each column are summed together by just
connecting their outputs together. Each individual one-bit
DAC has a gain identified by the letters g, ,-g_ ... Those gains
are set according to the values of matrix A of Equation 1 as
explained above.

(b) For the case of the triangular symbol 306 with label A*
there are n inputs and N outputs. The array of individual 1-bit
DACs are typically arranged as a two dimensional structure
with n rows and N columns, with one 1individual DAC 1n each
location. Each one of the n mnput wires (encoding n voltage
signals) fed the inputs of all the individual DACs located 1n
cach one of the n rows of the two dimensional array. Each one
of the N output wires (encoding N current signals) 1s con-
nected to the outputs of all the mndividual DACs located in
cach one of the N columns of the two dimensional array. Note
that the currents of all individual DACs 1n each column are
summed together by just connecting their outputs together.
By interchanging the capital N’s and the lowercase n’s and
the number 306 for the number 310 in FIG. 35, the circuitry
for the array A” 306 will be apparent.

FI1G. 4 1llustrates an input-output characteristic of an exem-
plary hysteresis quantizer 320, 342. There are two possible
output levels, -1 and +1, defined by arrows having reference
numerals 474, 476, 478, and 480. The vertical axis 470,
indicating Vp[V], and horizontal axis 472, indicating Vy[ V],
make the graph. The transition between the two output levels
occurs at two different mput trigger voltage levels. In an
example described below, these trigger voltage levels are
normalized to -1V and +1V. They are shown in the horizontal
axis 472 of the graph. These values can be scaled, as suited for

a particular VLSI implementation, without changing the
basic operation of the circuit.

The pulse domain linear programming circuit 300 output 1s
represented by the vector Z,, 360. This vector 360 1s of size N.
The size of the vector 360 1s larger than that of the input vector

Y, 358. The output depends on the input data, the weights of

the 1-bit DACs (ofthe first and second cross connect elements
306 and 310) being the entries of the matrix A of Equation 1,
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and the data of bias element 330 defining the function f of 4>

Equation 1.

The vector Z,, 360 contains the time encoded data. The
output becomes valid after the pulse domain linear program-
ming circuit 300 has settled to a steady state. The output 360
can be optionally converted to analog data Z 362 for evalua-
tion. The conversion to analog data 362 can be done by using,
a low pass filter 354, also labeled “LP,” which may be formed
by an array of N individual low pass filters 354. The analog
output 362 1s the vector Z, of size N.

In an 1llustrative simulation, operation of the pulse domain
linear programming circuit 300 having random inputs and
random constraints (entries of matrix A) has been simulated.
The pulse domain linear programming circuit 300 converges
to a solution expected from traditional algorithms. Below 1s
shown an exemplary operation of the pulse domain linear
programming circuit 300 for this stmulation and a summary
of the parameters and data used:

The size of the input vector was n=4

The size of the output vector was N=6. Thus the matrix A
was of size nxN=4x6=24 elements.
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The input vector for this simulation was:

0.3729
0.5170
0.1382
0.0802

The matrix A was:

0.4398 0.3932 0.4586 0.1603 0.9669 0.1370
0.3400 0.5915 0.8699 0.8729 0.6649 0.8188
0.3142 0.1197 0.9342 0.2379 0.8704 0.4302
0.3651 0.0381 0.2644 0.6458 0.0099 0.8903

The bias coetticients were set to 1. This sets the linear
function to be minimized as the addition of all of the six
entries of the output vector, as indicated below:

N
£(Z) = Z b X Z;
i=1

FIG. 5 shows outputs of the pulse domain linear program-
ming circuit 300 during a transient of this illustrative simu-
lation, featuring a plot with the six outputs (7, 7, . . ., Z)
settling over time. It can be observed that the outputs reach a
steady constant state. The steady final values correspond to a
solution of the linear programming problem of this illustra-
tive stmulation.

FIGS. 6(a) and 6(b) illustrate a comparison of outputs of
the linear programming circuit of the present disclosure (see
FIG. 6(a)) to 1deal outputs (see FI1G. 6(d)). The six outputs of
the pulse domain linear programming circuit 300 (steady
values from FIG. §5) with desired ideal values calculated by
solving the linear programming problem of the example by a
standard, non real-time, digital algorithm, in a MATLAB®
simulation. In FIG. 6(a), Z, represent the output values pro-
duced by the pulse domain linear programming circuit 300,
while 1n FIG. 6(5) X, represent desired 1deal values. It can be
observed the pulse domain linear programming circuit 300
solution 1s correct for all six values.

An advantage of the pulse domain linear programming
circuit 300 1s an ability to solve the linear programming
problem by a circuit that operates 1n parallel and can provide
the solution 1n real time as digital algorithms typically cannot
operate 1n real time. The pulse domain linear programming
circuit 300 does not require linearity-limiting feedback ana-
log amplifiers whereas standard analog circuits require such
amplifiers.

The pulse domain linear programming circuit 300 can be
cificiently implemented in VLSI technology. The pulse
domain linear programming circuit 300 can be compact with
only three transistors required for each individual 1-bit DAC
using DAC designs known in the prior art. In a state-oi-the-art
InP technology, the pulse domain linear programming circuit
300 can operate with a pulse rate of approximately 23 GHz,
and can solve a typical linear programming problem 1n less
than 10 ns. The gains g, of one bit DACs 322 and 344 are
typically the same value and are adjusted as needed to set the
pulse rate of the circuit 300. For a pulse rate of 23 GHz, the
gain g, should be about 4.6 mA/volt assuming a typical inte-
grator (for integrators 318 and 340) implemented with a
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capacitor of 100 IF and using InP technology for the devices.
In such an embodiment, integrators 314 and 332 can be
implemented using capacitors having a values of equal to two
to three orders of magnitude greater than than of capacitors
318 or 340 so that the time constant of the circuit 1s typically
to two and three orders of magnitude longer than the pulse
time period.

The pulse domain linear programming circuit 300 can
solve linear programming substantially in real time because:
it operates 1n parallel, the internal components arc compact
(allows large amount of parallelization), and the internal
components can operate at high speed. The pulse domain
linear programming circuit 300 has a parallel architecture.
Two asynchronous 1-bit DACs are required in cross connec-
tion elements 306 and 310 for each element of the matrix A.
Each 1-bit DAC 1s a very compact circuit that requires only
three transistors. This allows the implementation of large
circuit arrays 1n a single integrated circuit chip.

Each asynchronous 1-bit DAC can operate at very high
speed (~10 GHz range 1n a standard 90 nm CMOS technology
and ~60 GHz 1n an InP HBT technology). The other compo-
nents of the architecture (hysteresis quantizers and analog
integrators) can also operate at similar speeds.

FI1G. 7 1s a flowchart of a method 700 of making the pulse
domain linear programming circuit 300. The method 700
includes providing a linear time encoder having an input, the
input including a first adder, and an output (block 702), pro-
viding at least a first cross-connection element and a second
cross-connection element, each having an mnput and an output
(block 704), connecting the output of the linear time encoder
to the mput of the first cross-connection element (block 706),
providing a non-linear time encoder having an input, the input
including a first adder, and an output (block 708).

The method 700 may further include connecting the output
of the first cross-connection element to a first input of the first
adder of the non-linear time encoder (block 710), connecting
the output of the non-linear time encoder to the mnput of the
second cross-connection element (block 712), connecting the
output of the second cross-connection element to an mnput of
the first adder of the linear time encoder (block 714).

In the method 700, the providing the linear time encoder
may further include:

providing a first integrator, providing a second adder, pro-
viding a second integrator, providing one of a quantizer hav-
ing an output and a hysteresis quantizer having an output,
connecting an output of the first adder to an 1nput of the first
integrator, an output of the first integrator to a first input of the
second adder, connecting an output of the second adder 1s
connected to an input of the second integrator, connecting an
output of the second integrator to an mput of one of the
quantizer and the hysteresis quantizer, and connecting an
output of one of the quantizer and the hysteresis quantizer to
the output of the linear time encoder.

Still further, 1n the method 700, the connecting the output
of the hysteresis quantizer further includes connecting an
amplifier between one of an output of the quantizer and an
output of the hysteresis quantizer and a second input of the
second adder. It may be emphasized here that connecting the
hysteresis quantizer i1s just an illustrative option since the
method may also include connecting another type of quan-
tizer.

In order to make an array including various elements
described above, the method 700 may further include provid-
ing a plurality of the linear time encoders, providing a plural-
ity of the first cross-connection elements, providing a plural-
ity of the second cross-connection elements, and providing a
plurality of the non-linear time encoders.
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In the method 700, the providing the linear time encoder
further i1ncludes connecting the mput of the linear time
encoder to a pulse time encoded signal. The connecting the
input of the linear time encoder further includes generating
the pulse time encoded signal from an analog signal pro-
cessed by a time encoder. The providing the non-linear time
encoder further includes connecting the output of the non-
linear time encoder to an 1input of a lowpass filter, an output of
the lowpass filter outputting an analog output.

Regarding the providing the non-linear time encoder, the
method 700 may 1nclude providing the first adder to have a
second 1input and an output, providing a second adder to have
a first input, a second input, a third input, and an output,
providing a first integrator to have an mput and an output,
providing a non-linear element to have an input and an output,
providing a third adder to have a first input, a second nput,
and an output, providing a second 1ntegrator to have an mput
and an output, providing one of a quantizer and a hysteresis
quantizer, each to have an mput and an output, providing a
first seli-feedback element to have an mput and an output,
providing a second self-feedback element to have an input
and an output, and providing a bias element to have an output,
and connecting the output of the first adder to a first input of
the second adder, the output of the second adder being con-
nected to the mput of the first integrator, connecting the
output of the first integrator to the input of the non-linear
clement, connecting the output of the non-linear element to
the first input of the third adder, connecting the output of the
third adder to the mput of the second integrator, connecting
the output of the second integrator to the iput of one of the
quantizer and the hysteresis quantizer, connecting the output
of the one of the quantizer and the hysteresis quantizer to the
output of the non-linear time encoder, connecting the output
of the bias element to the second mput of the second adder,
connecting the output of the first integrator to the input of the
first self-feedback element, connecting the output of the first
seli-feedback element to the third input of the second adder,
connecting the output of the one of the quantizer and the
hysteresis quantizer to the iput of the second self-feedback
clement, and connecting the output of the second seli-feed-
back element to the second 1nput of the first adder.

In the method 700, the connecting the output of the one of
the quantizer and the hysteresis quantizer further includes
providing an amplifier having an mput and an output, con-
necting the input of the amplifier to the output of the one of the
quantizer and the hysteresis quantizer and connecting the
output of the amplifier to the second mnput of the third adder.

Still further, in the method 700, the providing the first
cross-connection element further includes providing a plural-
ity of digital-to-analog converters having at least one bit. The
providing the second cross-connection element further
includes providing a plurality of digital-to-analog converters
having at least one bit.

The foregoing method 700 or elements of the method 700
may also be stored on a computer-readable medium having
computer-executable instructions to implement the method
700 or the elements of the method 700.

As a person having ordinary skill 1in the art would appreci-
ate, the elements or blocks of the methods described above
could take place at the same time or 1n an order different from
the described order.

It should be emphasized that the above-described embodi-
ments are merely some possible examples of implementation,
set forth for a clear understanding of the principles of the
disclosure. Many variations and modifications may be made
to the above-described embodiments of the invention without
departing substantially from the principles of the ivention.
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All such modifications and variations are intended to be
included herein within the scope of this disclosure and the
present invention and protected by the following claims.

What 1s claimed 1s:

1. A circuit for linear programming 1n a pulse domain, the
circuit comprising;

a linear time encoder having an input, the input including a

first adder, and an output;
at least a first cross-connection element and a second cross-
connection element, each having an input and an output;

the output of the linear time encoder being connected to the
input of the first cross-connection element;

anon-linear time encoder having an input, the input includ-
ing a first adder, and an output, the output of the first
cross-connection element being connected to a first
input of the first adder of the non-linear time encoder and
the output of the non-linear time encoder being con-
nected to the mput of the second cross-connection ele-
ment; and

the output of the second cross-connection element being

connected to an mput of the first adder of the linear time
encoder.

2. The circuit of claim 1, wherein the linear time encoder
turther includes a first integrator, a second adder, a second
integrator, a quantizer having an output, wherein an output of
the first adder 1s connected to an input of the first integrator, an
output of the first integrator 1s connected to a first input of the
second adder, an output of the second adder 1s connected to an
input of the second integrator, an output of the second 1nte-
grator 1s connected to an input of the quantizer, the output of
one of the quantizer 1s connected to the output of the linear
time encoder and a one bit DAC 1s connected between the
output of the quantizer and a second input of the second adder.

3. The circuit of claim 1, wherein the circuit includes a
plurality of said linear time encoders, a plurality of said first
cross-connection elements, a plurality of said second cross-
connection elements, and a plurality of said non-linear time
encoders.

4. The circuit of claim 1, wherein the input of the linear
time encoder 1s connected to a pulse time encoded signal.

5. The circuit of claim 4, wherein the pulse time encoded
signal 1s generated from an analog signal processed by a time
encoder.

6. The circuit of claim 1, wherein the output of the non-
linear time encoder 1s connected to an input of a lowpass filter,
an output of the lowpass filter outputting an analog output.

7. The circuit of claim 1, wherein the non-linear time
encoder further includes the first adder having a second 1nput
and an output, a second adder having a first input, a second
input, a third mnput, and an output, a first integrator having an
input and an output, a non-linear element having an input and
an output, a third adder having a first input, a second nput,
and an output, a second integrator having an input and an
output, one of a quantizer and a hysteresis quantizer, each
having an mput and an output, a first self-feedback element
having an input and an output, a second seli-feedback ele-
ment having an input and an output, and a bias element having,
an output, being connected as:

the output of the first adder being connected to a first input

of the second adder,

the output of the second adder being connected to the input

of the first integrator,

the output of the first integrator being connected to the

input of the non-linear element,

the output of the non-linear element being connected to the

first input of the third adder,
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the output of the third adder being connected to the input of
the second 1ntegrator,

the output of the second integrator being connected to the
input of one of the quantizer and the hysteresis quantizer,

the output of the one of the quantizer and the hysteresis
quantizer being connected to the output of the non-linear
time encoder,

the output of the bias element being connected to the sec-

ond 1put of the second adder,

the output of the first integrator being connected to the

input of the first seli-feedback element,

the output of the first self-feedback element being con-

nected to the third input of the second adder,

the output of the one of the quantizer and the hysteresis

quantizer being connected to the iput of the second
self-feedback element, and

the output of the second seli-feedback element being con-

nected to the second mput of the first adder.

8. The circuit of claim 7 further including an amplifier
having an mput and an output, the input of the amplifier being
connected to the output of the one of the quantizer and the
hysteresis quantizer and the output of the amplifier being
connected to the second mnput of the third adder.

9. The circuit of claim 1, wherein the first cross-connection
clement includes a two dimensional array of 1-bit digital to
analog converters.

10. The circuit of claim 1, wherein the second cross-con-
nection element 1includes a two dimensional array of 1-bit
digital to analog converters.

11. A method of making a circuit for linear programming in
a pulse domain, the method comprising:

providing a linear time encoder having an mput, the input

including a first adder, and an output;

providing at least a first cross-connection element and a

second cross-connection element, each having an input
and an output;

connecting the output of the linear time encoder to the input

of the first cross-connection element;

providing a non-linear time encoder having an input, the

input including a first adder, and an output;

connecting the output of the first cross-connection element

to a first input of the first adder of the non-linear time
encoder:;
connecting the output of the non-linear time encoder to the
input of the second cross-connection element; and

connecting the output of the second cross-connection ele-
ment to an mput of the first adder of the linear time
encoder.

12. The method of claim 11, wherein the providing the
linear time encoder further includes:

providing a first integrator,

providing a second adder,

providing a second integrator,

providing one of a quantizer having an output,

connecting an output of the first adder to an 1input of the first
integrator, an output of the first integrator to a first input
of the second adder,
connecting an output of the second adder 1s connected to an
input of the second integrator,
connecting an output of the second integrator to an input of
the quantizer, and
connecting an output of the quantizer to the output of the
linear time encode.
13. The method of claim 12, wherein the connecting the
output of one of the quantizer and the hysteresis quantizer
turther includes connecting a one bit DAC between one of an
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output of the quantizer and an output of the hysteresis quan-
tizer and a second input of the second adder.

14. The method of claim 11, wherein the method further
includes providing a plurality of the linear time encoders,
providing a plurality of the first cross-connection elements,
providing a plurality of the second cross-connection ele-
ments, and providing a plurality of the non-linear time encod-
ers.

15. The method of claim 11, wherein the providing the
linear time encoder further includes connecting the mput of
the linear time encoder to a pulse time encoded signal.

16. The method of claim 15, wherein the connecting the
input of the linear time encoder further includes generating
the pulse time encoded signal from an analog signal pro-
cessed by a time encoder.

17. The method of claim 11, wherein the providing the
non-linear time encoder further includes connecting the out-
put of the non-linear time encoder to an wput of a lowpass
filter, an output of the lowpass filter outputting an analog
output.

18. The method of claim 11, wherein the providing the
non-linear time encoder further includes:

providing the first adder to have a second input and an

output,

providing a second adder to have a first mnput, a second

input, a third input, and an output,

providing a first integrator to have an input and an output,

providing a non-linear element to have an input and an

output,

providing a third adder to have a first input, a second input,

and an output,

providing a second integrator to have an mput and an

output,

providing one of a quantizer and a hysteresis quantizer,

cach to have an mput and an output,

providing a first seli-feedback element to have an mnput and

an output,

providing a second seli-feedback element to have an input

and an output, and providing a bias element to have an
output, and

connecting the output of the first adder to a first input of the

second adder,

the output of the second adder being connected to the input

of the first integrator,

connecting the output of the first integrator to the mput of

the non-linear element,

connecting the output of the non-linear element to the first

input of the third adder,

connecting the output of the third adder to the mput of the

second 1ntegrator,
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connecting the output of the second integrator to the input
of one of the quantizer and the hysteresis quantizer,

connecting the output of the one of the quantizer and the
hysteresis quantizer to the output of the non-linear time
encoder,

connecting the output of the bias element to the second

input of the second adder,

connecting the output of the first integrator to the mput of

the first selt-feedback element,

connecting the output of the first seli-feedback element to

the third mput of the second adder,

connecting the output of the one of the quantizer and the

hysteresis quantizer to the input of the second seli-feed-
back element, and

connecting the output of the second seli-feedback element

to the second nput of the first adder.

19. The method of claim 18, wherein the connecting the
output of the one of the quantizer and the hysteresis quantizer
turther includes providing an amplifier having an input and an
output, connecting the mput of the amplifier to the output of
the one of the quantizer and the hysteresis quantizer and
connecting the output of the amplifier to the second mput of
the third adder.

20. The method of claim 11, wherein the providing the first
cross-connection element further includes providing a plural-
ity of digital-to-analog converters having at least one bait.

21. The method of claim 11, wherein the providing the
second cross-connection element further includes providing a
plurality of digital-to-analog converters having at least one
bit.

22. A computer-readable medium having computer-ex-
ecutable mstructions for:

providing a linear time encoder having an input, the mnput

including a first adder, and an output;

providing at least a first cross-connection element and a
second cross-connection element, each having an
input and an output;

connecting the output of the linear time encoder to the
input of the first cross-connection element;

providing a non-linear time encoder having an input, the
input including a first adder, and an output;

connecting the output of the first cross-connection ele-
ment to a first input of the first adder of the non-linear
time encoder;

connecting the output of the non-linear time encoder to
the input of the second cross-connection element; and

connecting the output of the second cross-connection

clement to an mput of the first adder of the linear time
encoder.
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